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Abstract 
A clear understanding and proper control of interfacial thermal transport is important in 
nanoscale device. In this review, we first discuss the theoretical methods to handle the 
interfacial thermal transport problem, such as the macroscopic model, molecular dynamics, 
lattice dynamics and modern quantum transport theories. Then we discuss various effects that 
can significantly affect the interfacial thermal transport, such as the formation of chemical 
bonds at interface, defects and interface roughness, strain and substrates, atomic species and 
mass ratios, structural orientations.  Then importantly, we analyze the role of inelastic 
scatterings at the interface, and discuss its application in thermal rectifications. Finally, the 
challenges and promising directions are discussed. 
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Introduction 
The continuous scale down of nanotechnology has simultaneously increased the density 
of interfaces in nano-devices. The interface properties, which can be very different from its 
bulk counterpart, can be utilized to improve the material performance. For example, interface 
engineering has merged for the tailoring of intrinsic electron properties in monolayer 
molybdenum disulfide (MoS2)
1, 2
. Therefore, a clear understanding of interface properties is 
highly demanded for the discovery and design of high-performance nano-devices.  
 
Thermal transport in nanostructures has continuously attracted intensive research 
interests
3-9
. The thermal transport at the interface is of particular importance because the huge 
density of heat generation requires efficient ways of heat dissipation 
10
, but the interface 
creates extra barrier to the heat flow 
11, 12
. For example, the thermal resistance of the interface 
between carbon nanotube and its electrodes is a critical issue for carbon nanotube based 
applications
13
. This interfacial thermal resistance, also called Kapitzal resistance or thermal 
boundary resistance, was first found between helium and solid in 1941 
14
. Since then, theories 
of interfacial thermal transport have been restlessly developing, from the acoustic mismatch 
match model, diffusive mismatch model, molecular dynamics to modern quantum 
simulations. Now it has been realized that the interfacial thermal resistance is caused by 
various reasons at difference conditions, such as mismatch of atomic vibrational energy, 
localization of heat carriers at interfaces and extra scatterings experienced by heat carriers, to 
list a few. Hence the investigation of interfacial thermal resistance becomes a comprehensive 
problem, depending on different situations. 
 
Despite its negative impacts on heat dissipation, interfacial thermal resistance has also 
been revealed useful in many recent studies. Firstly, the interfaces provide additional 
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methods to modulate the heat flow, and hence it can be used for heat management. Many 
factors, such as lattice/mass disorders, formation of chemical bonds, interface roughness and 
defects can substantially affects the interfacial thermal resistance 
15
.  For example, the 
presence of interface modulation enables the achievement of graphene-based thermal 
modulators 
16
.  Some interfaces like graphene-MoS2 in-plane contacts, the interfacial thermal 
resistance can be modulated by introducing vacancies, thereby the magnitude of heat current 
is adjustable by varying vacancy concentrations 
17
. A recent study reveals that the interfacial 
thermal resistance between metal and dielectric materials can be tuned through insertion of 
appreciate interlayer materials with strong electron-phonon interaction 
18
. All these studies 
show that interfaces give more degrees of freedom to control the heat flow. 
 
Another important application of interfacial thermal resistance is in designs of 
thermoelectric materials 
19
. High-performance thermoelectric materials require high electric 
conductivity but low thermal conductivity in order to achieve high heat-to-electric conversion 
efficiency. Through creation of boundaries, it is possible to significantly suppress the thermal 
conductivity but make the electronic properties unchanged much. These interfaces can be 
realized through nano-grains 
20
 and supperlattice with isotopes 
21
.  Simulation shows that it 
gives an efficiency way to enhance the thermoelectric performance.  
 
Interfaces also provide opportunities to create thermal rectifiers. Thermal rectification is 
the asymmetry of heat flow between forward and backward directions under same 
temperature bias. It is the underlying mechanism to realize thermal diode 
22
 and phononics 
23
. 
Thermal rectification can be achieved through interfaces between dissimilar lattices 
24
.  
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In this review, we do not aim to cover the extensive literatures on interfacial thermal 
transport, but to capture some advances from the recent studies, including the role of 
interfacial atomic details, chemical bonds, strains, defects, and inelastic scatterings in 
interfacial thermal transport. We also discuss the interface-induced thermal rectifiers. In 
section 2 we will discuss the simulation methods for interfacial thermal transport. In section 3 
we will discuss various effects on interfacial thermal transport, including the interfacial bonds, 
strains, defects and so on. In section 4, effects of inelastic scatterings and its applications in 
thermal rectifications are addressed. In section 5 we will summarize and give perspectives.  
 
2. Theory and Simulation methods  
2.1 Macroscopic theories 
After the discovery of interfacial thermal resistance, several macroscopic theories have 
been proposed to explain underlying reasons of the interfacial thermal resistance. One of 
them is the acoustic mismatch model (AMM) 
25
. The idea of AMM is that the interfacial 
thermal resistance is due to the mismatch of acoustic impedances between two materials. 
This mismatch is due to the different acoustic propagation properties of the two bulk 
materials that form the interface, such as their different sound speeds. In the AMM model, 
the details of interface, such as geometry, orientation and chemical bonds, are not taken into 
consideration. Interfacial thermal resistance is completely estimated from the acoustic 
properties of the bulk materials themselves. AMM gives the transmission coefficient for an 
acoustic mode that transmit through the interface formed by A and B. For a mode that is 
normal to the interface, the transmission coefficient is given by 𝑡𝐴𝐵 = 4𝑍𝐴𝑍𝐵/(𝑍𝐴 + 𝑍𝐵)
2 , 
where ZA and ZB are the acoustic impedance of material A and B respectively. From this 
expression we can immediately find that the transmission is symmetry between A and B. In 
other words, interfacial thermal conductance is predicted to be the same if we reverse the 
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direction of heat flux. We will see in Section 4 that this is not necessarily true and thermal 
rectification is possible due to interfaces. Despite its simplicity, AMM do explain the 
interfacial thermal conductance well at the low temperature 
14
. Its prediction that the 
interfacial thermal conductance is proportional to the cube of temperature in the low 
temperature limit is in good agreement with early experiments.  
 
Because AMM assumes that the phonon modes do not experience any scatterings at the 
interface, it normally underestimates the interfacial thermal resistance. As a complementary 
theory, diffusion mismatch theory (DMM) is proposed such that it assumes all the phonons at 
the interfaces are completely scattered. It also estimates transmission probabilities of phonons 
at the interface. Phonons loss all the memories about their previous states. As a result, the 
transmission probability is not related to the incident angle, the group velocity or the wave 
front of the phonon modes. The phonons arriving at the interface have chances to be scattered 
into phonon states at the both sides of the interface. As a result, the transmission phonon 
energy is linearly dependent only on the density of states. The interfacial thermal resistance 
predicted by DMM reaches minimum when the overlap of the density of states is maximized. 
Due to the assumption of complete scatterings, DMM usually overestimate the interfacial 
thermal resistance, and it is normally works better in high temperature regimes.  
 
Both AMM and DMM ignore the atomic details and structures of the interface itself, by 
considering only the vibration properties of two bulk materials that forms the interface. So 
they can only provide a qualitative estimation. Atomic-level theories or simulation tools are 
required for more accurate calculation. Furthermore, DMM only considers elastic scatterings, 
which means that the energy of each phonon across the interface does not change. Actually 
the inelastic scattering at the interface can become important when the mismatch of phonon 
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spectra is high, and it can cause interesting phenomenon such as thermal rectification. We 
will address these issues in Section 4.    
 
Improved models based on AMM and DMM has been proposed to eliminate the crucial 
assumptions or to consider other factors that AMM and DMM are not able to do. For 
example, both AMM and DMM assume linear dispersion relation. A modified DMM has 
been proposed, which is able to consider the full dispersion relation in lattice, widely 
broadening the application regime of DMM 
26
. Other improvements are also proposed such 
as to consider electron-phonon scatterings, disorders and other phonon scatterings 
27
. 
 
Besides the AMM and DMM, there are also other macroscopic theories to describe 
interfacial thermal transport. For example, analytical expressions of heat transport across flat 
interface, based on the surface displacement, is presented in Ref.[
28
]. Beyond the transport 
properties of phonons, interfacial thermal transport due to electron-phonon interactions is 
also presented 
29
, which is important in metal-nonmetal interfaces.  Overall, due to its 
capability of capture the general picture, macroscopic theories are still developing. 
 
2.2 Molecular dynamic simulation 
Though the macroscopic theories provide the general picture of the interfacial thermal 
transport, it normally oversimplifies the complexity of the interface. The atomic details of the 
interface, especially in nanoscale structures, can significantly influence the thermal resistance. 
Forms of chemical bonds, defects and atomic species at interfaces are important factors. 
Molecular dynamics, an atomic-level simulation, is a powerful tool to analyze these effects.  
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The most commonly used method of molecular dynamics to simulate interfacial thermal 
transport is the non-equilibrium molecular dynamics (NEMD), or the so-called direct method. 
In this method, a temperature bias is directly applied to the materials that forms the interface, 
and then system evolves according to the inter-atomic potentials. Normally the evolution time 
is about few nanoseconds to microsecond, depending on the size of the system and the 
required accuracy. During the evolution, the total energy that transferred from one side of 
interface to the other side is counted. Therefore, the heat current, J, is known. Interfacial 
thermal conductance (ITC), σ, can be evaluated as 
σ =
J
ΔT
 
where ΔT is the temperature difference across the interface. We need to emphasize that the 
temperature difference at the interface is not the applied temperature difference because the 
materials themselves has thermal resistance. Thereby temperature gradually decrease along 
the materials, then a sudden drop of temperature occurs at the interface, and it slowly 
decrease again along the other side. The amount of temperature that drops at the interface is 
the ΔT  in the formula. If interface does not exist, thenΔT = 0 , it recovers the fact that 
interfacial thermal conductance is infinite, in other words, the interfacial thermal resistance is 
zero.  
 
The principle of NEMD is straightforward. However, an important question is what the 
temperature is. A clear answer to this question is not easy due to its non-equilibrium nature. 
The applied temperature is often characterized by controlling the distribution of velocities. It 
can be realized by connecting to a heat bath. Heat baths are in thermal equilibrium so that 
temperature is well defined. Sophisticated heat bath, such white-noise bath, can be 
implemented.  The ambiguous part is how to measure the local temperature along the 
material and the interface, because they are in non-equilibrium state. The simplest way is to 
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use the equal partition formula that the temperature is proportional to the average of kinetic 
energy ⟨𝑚𝑣2⟩ = 3𝑘𝐵𝑇, by assuming that the system is large enough and local equilibrium 
exists. Discussion of other methods, such as fitting the velocity profile to temperature-related 
distributions, using temperature probes, can be found in the literature 
11
.  
 
MD envelops all the information in a single quantity, the interfacial thermal conductance. 
To analyze transport mechanism, one needs to investigate in detail. For example, MD allows 
calculation of local thermal current to see the efficiency of each transport channels. Modal 
analysis is also proposed to gauge the effects of inelastic scattering 
30
.  
NEMD provides an atomic-level simulation and it is widely used for the simulation of 
interfacial thermal transport. It can fully consider detailed factors of the interface such as 
defects, strains, and chemical bonding. The accuracy of NEMD is normally determined by 
the accuracy of the inter-atomic potential and the simulation time. It can also be used as 
benchmark for the other theoretical predictions 
27
. The limitation of NEMD is that it is 
entirely classical. Specially the meaning of “classical” comes in two parts. The first one is 
that the evaluation is completely follows Newtonian dynamics. Hence all the phonons are 
equally excited, the allowed amplitude of atomic vibration is continuous. Hence the transport 
quanta, which has been observed experimentally, is impossible to be predicted. The second is 
the phonon distribution is classical. The phonons do not obey Bose-Einstein distribution even 
at equilibrium. Therefore, NEMD is expected to breakdown at low temperature. At the 
regime when the quantum effects become important, quantum theories are necessary to 
handle to the transport properties. 
  
2.3 Lattice dynamics 
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For interfaces formed by crystals, lattice dynamics is an alternative method to evaluate 
the interfacial thermal conductance 
27, 31-33
. The key quantity of lattice dynamics is the 
displacement of atom from its equilibrium position. The basic idea is to solve the equation of 
motion of these displacements. The equation of motion is governed by the Hamiltonian, or 
the potential energy of the atomic displacements. In harmonic approximation, the potential 
energy is simplified to be quadratic, characterized by spring constant matrix. In periodic 
lattice, the displacement of the atoms can be decomposed to independent vibration modes, 
after taking Fourier transformation. This is often called as normal modes decomposition. The 
advantage of the decomposition is that each mode becomes independent of each other, in 
other words, they are decoupled. The analysis of atomic displacement is equivalent to the 
analysis of the phonon wave-vector, often denoted as 𝑞. Since each mode are decoupled, 
every phonon mode 𝑞 is associated with a specific frequency 𝜔. The relationship between 𝜔 
and 𝑞 is called as phonon dispersion relation. We need to remind that the concept of phonon 
dispersion relation is under the assumption of harmonic approximation. In anharmonic case 
modes are not independent to each other. In simple words the vibration is not time periodic 
and then frequency is not well-defined (The wave vector is still well-defined due to existence 
of lattice periodicity).  In lattice, there are usually more than one degree of freedom in a unit 
cell. Then each degree of freedom will contribute to a phonon branch in the dispersion 
relation. It means that at each wave-vector 𝑞, there exists 𝑛 vibrational patterns in a unit cell, 
where 𝑛 is the number of degrees of freedom. Those modes that all the atomics inside the unit 
cell vibrates coherently are called acoustic modes. If there is relative movement of atomic 
vibration inside a unit cell, then they are optical modes. The three common acoustic modes 
are longitude acoustic (LA) mode and transverse acoustic (TA) mode. They correspond to the 
coherent vibration that parallel and perpendicular to the wave-vector 𝑞, respectively. For two-
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dimensional materials, one of the transverse modes with out-of-plane vibration is often called 
ZA mode, or flexural mode. 
 
The concepts of lattice dynamics can be employed to analyze the transmission properties 
of phonon mode at the interface. Such theories are called scattering boundary theories. The 
amount of transmitted energy can be evaluated by solving the equation of motion of the 
atoms at the boundary. Scattering boundary is useful to reveal the transport mechanisms 
through modal analysis. To characterize the transmission properties of interface, wave-
package method becomes useful 
34
. In this method, a wave package of phonons modes with 
certain frequency is generated at one side of interface, and then it propagates to the other side. 
One can then analyze the transmitted and reflected energy of this wave package, in order to 
find the transport properties of such specific mode. 
Wave packet method provides direct information about phonon transmission. The 
snapshots of wave packets of four representative acoustic phonon modes are shown in Figure 
1. It is clear that the wave packets from LA and TA bands nearly experience no reflection and 
no variation in group velocity. In contrast, the wave packet from ZA mode with frequency 
2.5 THz is totally reflected by the interface. Another ZA packet with frequency of 9.0 THz 
can transmit across the interface, but there is a clear reflected wave packet. This is consistent 
with the analysis of the phonon dispersion. As is shown in Figure 2, the in-plane phonon 
bands in encased graphene fit well with those in suspended graphene, but the flexural bands 
are flattened and shifted in encased graphene. Because the substrates break the translational 
invariance of graphene at out-of-plane direction, the frequency of ZA mode near Γ point 
shifts to 6 THz. This shift leads to mismatch of phonon dispersions at two sides. From the 
viewpoint of elastic interfacial scattering, the in-plane phonons can transmit across the 
interface without being scattered (Figure 1a, b) due to the perfect match of in-plane phonon 
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dispersions of both graphene sections, whereas the ZA phonons with frequency smaller than 
6THz are totally reflected (Figure 1c) by the interface due to the absence of phonon modes at 
the other side. However, ZA phonons with frequency larger than 6THz are partly reflected 
(Figure 1d) because of the different group velocities of its counterpart on the other side.  
 
2.4 Quantum theories 
In the nanoscale or low temperature regime, one needs to implement quantum 
distributions and evolutions to calculate the interfacial thermal transport properties. The 
difficulty is that one has to properly introduce the concept of temperature, a thermodynamic 
quantity, into the quantum dynamics. For that reason, quantum heat bath is necessary where 
the particles inside follows the Bose-Einstein distribution for Bosons and Fermi-Dirac 
distribution for Fermions. The thermodynamics requires that the heat bath should have 
infinite degrees of freedom. It introduces difficulties to quantum mechanical treatment 
because the infinite limit needs to be properly taken care of.  
 
A well-developed quantum theory to handle thermal transport is the non-equilibrium 
Green’s function (NEGF) formalism 35. It is based on the quantization of the lattice dynamics 
and scattering theories. In the elastic regime, it recovers the Landauer formula. The Landauer 
formula gives a viewpoint that thermal transport is described as the transmission of heat 
carriers between two equilibrium baths. For phonons, it can be written as  
𝐼 = ∫
𝑑𝜔
2𝜋
∞
0
ℏ𝜔 𝑇(𝜔)[𝑓𝐿(𝜔) − 𝑓𝑅(𝜔)] 
where 𝑇(𝜔) is the transmission coefficient, ℏ𝜔 gives the energy of phonons and 𝑓𝐿(𝑅)(𝜔) 
 is the Bose-Einstein distribution of the left and right regime respectively. The transmission 
coefficient can be calculated starting from the scattering boundary theories, or by using the 
Green’s function technique. We need to emphasize that this formula is to evaluate elastic 
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transport, which means the phonons do not loss or gain energy during travel. For inelastic 
transport, NEGF still gives a formal expression to evaluate the thermal transport 
36
, which is 
beyond the scope of Landauer picture.  
 
The NEGF formalism is based on junction setup, where two (or more) heat baths are 
connected to a non-equilibrium center. The transmission coefficient measures the probability 
of phonon transmits from one heat bath to another through the center. Therefore, to evaluate 
the interfacial thermal transport, one needs to extend the interface and then regard it as a 
scattering center 
37, 38
. Normally it will increase the computational complexity. The formalism 
that directly calculates the interfacial thermal transport, where the heat baths are connected 
directly, has been developed 
39, 40
 and it is promising to apply it to real materials.  
 
Technological improvements based of NEGF formalism is continuously developing, For 
example, the implement of inelastic scatterings, such as electron-phonon scattering 
29, 41
, 
phonon-phonon scattering 
42
, has been developed. The modal analysis under the NEGF 
framework has also been formulated 
43
. Integration of NEGF and MD has also been proposed 
to handle complex structure of interface, where MD is used to simulate the atomic 
reconstruction and relaxation 
44
. Beyond NEGF, other quantum theories based on wave 
function picture, has been developed to handle interface thermal transport 
45
. It is proposed 
that the interfacial heat flux can be evaluated from the displacement fluctuations of the atoms 
at the interface 
46
. 
 
3. Factors that have impacts on ITC. 
 3.1 Interfacial bonds 
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The strength of the bonding at the interface can directly affect the interfacial thermal 
conductance. In some interfaces, the bonding of the interface is very week. For example, they 
are only connected through van der Waals interactions. AMM, also NEGF, predicts that in 
the weak bonding strength limit, ITC is proportional to the square of bonding strength 
38
. 
However, in the moderate bonding strength regime, ITC can increase linearly with bonding 
strength. Furthermore, if the bonding is too strong, even stronger than the bonding inside the 
bulk material, then ITC may be suppressed with increase of bonding strength.  
 
Many NEMD studies imply that the formations of chemical bonds have significant 
influence on the ITC. The ITC between MoS2 and electrodes is studied 
47
, where covalent 
bond can be formed. It was found that the covalent bonds serve as thermal channels for 
phonon to transmit over the interface. ITC becomes proportional to the density of bonds at 
the interface. Another study of ITC between silicon and a vertical carbon nanotube shows 
that the ITC can increase two order of magnitude if the chemical bonds are formed at the 
interface 
48
.  Similarly, a study on MoS2-graphene in-plane interface was investigated by 
using NEMD. As shown in Figure 3, at the interface, covalent Mo-C bonds are formed, 
whose strength is comparable to the graphene-metal bonds 
9
. Such strong Mo-C bonds also 
provide channels for phonon to transport. The ITC of the graphene-MoS2 interface is around 
2.5×108 WK-1m-2 at room temperature, which is comparable with that of chemically-bonded 
graphene-metal interfaces, indicating that MoS2-graphene in-plane heterostructure may 
provide a viable solution for thermal management in MoS2-based electronic devices. 
Compared with the pristine interface, there is about 12% reduction of ITC at interface with 
point defects. 
The ITC can be controlled through the modulation of the density of interfacial chemical 
bonds. A study on silicon oxide-silicon (SiO2-Si) interface reveals that interfacial bond 
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strength can affect its sensitivity to the atomic structures 
49
. For weak bonds ITC is very 
sensitive to the atomic structure of the interface, while in strong bonds regime, it becomes 
insensitive to the detailed structures.  Other systems, such as interface between suspended 
and encased graphene 
50
, self-assembled SAM-SI interface 
51
 and metal-insulator interface, 
also shows strong bond-strength dependence of ITC. In addition to the bond-strength, an 
NEGF study of graphene/hexagonal boron nitride (h-BN) interface shows that the type of 
bonds can also affects the thermal transmission 
43
. The carbon-nitrogen bonds in the zigzag 
direction transmit high frequency phonons more efficiently than the carbon-boron bonds.  
Atomic defects, such as atomic vacancies, are always present in materials. The vacancies 
disrupt lattice structures and cause additional scattering to phonon transport. Similar, atomic 
vacancies at the interface will also affect the ITC remarkably. As shown in Figure 4, the total 
ITC decreases linearly with number of vacancies at the contact. Because the introduction of 
atomic vacancies at the interface corresponds to the decrease in the density of covalent bonds, 
thus the ITC increases linearly with the number of bonds at the interface. This linear 
dependence indicates that each chemical bond serves as an independent heat transport 
channel with a constant thermal conductance. 
 
3.2 Defects and surface roughness 
Interfaces are the places that are easy to introduce defects, due to the mismatch of the 
lattice, the release of the stress and the contamination during the formation of the interfaces. 
Then one would ask what the effect of defects on the ITC is. Usually defects will introduce 
imperfection to the lattice structure, increase the surface roughness, cause additional 
scatterings to the phonons and then reduce the ITC. While high frequency phonons can be 
scattered by the lattice mismatch, the defects are able to scatter low frequency phonons and 
hence reduce the ITC 
44
. However, a recently study on the graphene/h-BN interface found an 
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abnormal behavior that defects are able to enhance the ITC 
52
. As shown in Figure 5, for 
defect-free Gr/h-BN heterostructure, the local heat flux in the central sections is almost 
uniformly distributed, and local heat flux at the edge is about 25% lower than that at the 
center as consequence of edge scattering-induced localized phonon modes. However, for the 
BN-C5|7 heterostructure with interface defect, although the local heat flux at the defect 
positions reduces with respect to the perfect interface, the local heat flux density at most part 
of the Gr/h-BN boundary increases upon introducing 5|7 defects. As the heat flux reduction at 
the local position of defects is offset by the large increase in heat flux at positions without 
defects, there is an overall enhancement in total ITC.   
  
Interface roughness is another important factor influencing the ITC. Experimentally the 
interface roughness can be controlled by growth condition and formation process. Generally 
the interface roughness has similar effects as defects, which cause scatterings and localization 
of phonons, especially for high-frequency phonons 
15, 53
. However, the phenomenon that 
enhancement of phonon transmission by surface roughness has been reported at Silicon-
Germanium (Si-Ge) interface 
54
. As shown in Figure 6, a significant increase in interfacial 
thermal conductance is observed in interface with 6-layer Gaussian roughness, as a 
consequence of the increase in phonon transmission. The roughness can soften the abrupt 
change of acoustic impedance, resulting in enhancement of phonon transmission.  
 
3.3 External forces 
We first look at the effects of applied strain to ITC. Stain is a commonly used way to 
modulate the interatomic force constants and hence change the thermal transport properties
43, 
55-57
. Using graphene junctions with different mass distributions as an example, Pei et al. 
studied the effect of strain on interfacial thermal resistance. Strong phonon scattering at the 
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interface results in sharp temperature jump in the temperature profile. As shown in Figure 7, 
tensile strain is able to decrease the ITC. This phenomenon can be understood from the 
phonon power spectra. From phonon density of states spectra near the interface as shown in 
Figure 7, it is clear that the low frequency peak (at ~16 THz) is insensitive to strain, while the 
high frequency peaks red shift with tensile strain. For atoms on the two sides of interface, the 
shift rate is different, and reduces the overlap between phonon spectra. This is the underlying 
mechanism for the increase of interfacial thermal resistance. Similar, in graphene/MoS2 
interface, on the opposite, a tensile strain will reduce the ITC while a compressive strain can 
increase the ITC. On the other side, if strain shifts the phonon bands, and such shift causes 
better alignment of phonon spectra, it will general improve the ITC 
20, 56
. The concept of 
overlapping of phonon density of state is a simple way to evaluate ITC 
13, 56
. A recent study 
shows that, to be more accurate, the overlap of vibration power spectrum of the contact atoms 
should be considered 
58
. It is important to emphasize that the idea of evaluate phonon 
transmission through the analysis of spectra overlap is restricted to elastic scattering, and 
within the weak interfacial coupling regime. Inelastic scatterings can change the frequency of 
phonons at the interfaces; thereby phonon transmission is even possible without the 
alignment of phonon bands.  Actually inelastic scattering can even cause thermal rectification, 
breaking the symmetry between the forward and backward heat flux from spectra 
overlapping prediction.   
 
Another kind of external forces is the van der Waals interaction, through the substrates or 
other coating materials for two-dimensional materials. These interactions provide onsite 
potentials to the atoms in the material and hence greatly affect their out-of-plane vibration. 
Taking graphene as an example, the flexural modes (ZA modes) is the major heat carrier in 
suspended graphene and it is significantly suppressed once it is encased. Interestingly, even 
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for one graphene sheet, if half section is supported and the other half is suspended, there still 
exists interfacial thermal resistance inside graphene sheet 
50
. The system structure is shown in 
Figure 8, a single layer graphene half encased by another two graphene layer structures, 
which serve as external perturbation. A large temperature jump δT is observed at the 
interface, indicating the existence of interfacial thermal resistance. The interfacial thermal 
resistance is ~5.37×10
-11
m
2
K/W, which is comparable with interfacial thermal resistance at 
tilt grain boundaries in graphene, and provides the first demonstration that due to the 
interfacial thermal resistance originating from inhomogeneous external potential is of 
remarkable influence on thermal transport, in the absence of any contact roughness or 
misorientation. 
The phenomenon demonstrated in the encased and suspended graphene junction closely 
relates to graphene’s two-dimensional topology, so that the weak graphene-substrate 
interaction can directly influence its thermo-mechanical property. It is worth emphasizing 
that using this effect, graphene-based thermal modulators has been proposed. The clamp-
graphene distance, controlled by external pressure, is able to module the thermal transport of 
graphene 
16
. In boron nanoribbons, it was found that the van der Waals interactions cause the 
enhancement of thermal conduction 
59
. It is suggested that inelastic scatterings take the 
responsibility.  
 
3.4 Atomic species and mass ratio 
The atomic species of the interface can significantly affects the ITC. For example, the 
graphene-MoS2 has much lower ITC than graphene/graphene or MoS2/MoS2 interface 
57
.  It 
is also reported that the carbon atoms in graphene/h-BN interface reduces the ITC 
60
. In other 
cases, even the species of atoms are the same, the ITC can be affected by introducing isotope 
atoms 
56
. The difference of atomic mass cause phonon scatterings and then reduce the thermal 
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transport. Hence it has been proposed that interfacial thermal transport between two 
dissimilar materials can be tuned by modulating their relative mass ratio 
61
. As the atomic 
species at the interface can efficiently affect the ITC, an interesting idea is to use molecular 
cross-linker to modulate thermal transport. It has been found that a cross-linker between two 
graphene nanoribbon can effective transmit out-of-plane modes and it filters the in-plane 
modes 
62
.  
 
3.5 Structural orientations and incident angles  
ITC is often closely related to the lattice orientations, even when the materials 
themselves are isotropic. In graphene/h-BN interface, it is found that zigzag interfaces cause 
stronger reduction of ITC, due to enhanced phonon localization.  The interfacial structure can 
also affect the orientation of transmitted phonons 
43
. Besides the alignment of interfacial 
structure, the incident angle of phonons is also important to determine whether it is 
transmitted or reflected. A simulation of Si/Ge interface shows that the phonon transmission 
changes smoothly by varying the incident angle, and a critical angle exists 
63
.    
 
3.6 Size effects  
Due to contribution from acoustic modes that possess long wavelength, size will also 
affects the interfacial thermal conductance 
64
. In the study of interfaces formed by suspended 
and encased graphene, it is found that ITC will increase with the increase of the system 
length, and then gradually saturates 
50
. Similar results are observed from the interfaces 
formed due to grain boundaries of graphene; where a decrease in size will significant 
suppress the ITC 
65
. It has also been suggested that the size effects is more significant in 
weakly-coupled interfaces, but less important in strongly coupled interfaces 
49
.  
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3.7 The role of inelastic scatterings 
Inelastic scattering means that the energy of phonon changes during the scattering. For 
example, in the three-phonon process an incident phonon can split into two phonons, or two 
phonons can be combined into a single one. If inelastic scattering happens, then the energy 
can transfer from the low frequency phonons at one side of interface to high frequency 
phonons at the other side 
66
.  
 
Normally inelastic scatterings suppress the ITC because it introduces additional 
scatterings to the phonons, and hence reduce the mean free path of the phonons. Inelastic 
scatterings thermalize the phonons and cause them to obey the Bose-Einstein distribution in 
equilibrium condition. However, experiments on metal-diamond interfaces show that the ITC 
is extremely high
67, 68
, 100 times larger than the calculation of lattice dynamics. It suggests 
that inelastic scattering plays an important role to provide extra channels for heat transport, 
either due to the electron-phonon interaction or phonon-phonon interaction. Inelastic 
scattering even dominates the interfacial thermal transport when the phonon spectra of the 
two sides of interfaces are highly dissimilar 
69
. 
 
Starting from different theoretical frames, several results suggests that inelastic scattering 
is possible to enhance the ITC 
31, 70-72
. The inelastic scatterings provide extra channels for 
phonons to transport across the interface 
70
. It also thermalize the phonons, which is possible 
to increase the population of modes with high transmission coefficients 
71
. Another study 
reveals that the nonlinear coupling at the interface can enhance the ITC if the linear coupling 
is weak. On the contrast, if the linear coupling is strong, it will suppress the ITC, instead of 
increasing ITC 
72
.   
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4. Applications of ITC 
4.1 Thermal rectification 
An important consequence of inelastic scattering is the thermal rectification 
24, 37
, which 
plays the key role in the application of thermal diode 
22
 and phononics 
23
.  Thermal 
rectification is the effect that the thermal conductance differs between forward and backward 
flow of heat current. Interface scatterings can be used to realize such effects 
24
. The 
significance of such effects is characterized by the thermal rectification ratio 
𝑅 = (𝐽+ − 𝐽−)/𝐽−  
where 𝐽+(𝐽−) is the forward and backward heat flux under the same small temperature bias. 
Numerical simulations suggests that thermal rectification can be realized in many interfacial 
system, such as graphene-silicon junction 
55
, interfaces between suspended and encased 
graphene 
50
, silicon-amorphous polyethylene interface 
73
, metal-insulator interface via 
electron-phonon interaction 
74
, carbon isotope doping induced interface 
56
, two-dimension 
Ising lattice 
75
, one-dimensional anharmonic atomic chains 
37, 76
. The rectification ratio can be 
up to 40-50% in material simulations 
50, 73
. In one-dimensional model, it has been shown that 
the rectification results from the biased transmission properties of high-frequency phonons. 
Hence, thermal rectifier can be constructed by filtering the high frequency phonons in one 
direction. 
4.2 Thermal interface materials 
In the nano-electronic devices, heat is unavoidably produced. Fast dissipation of heat is one 
of the major issues that affect the performance and its maximum sustainable power. In the 
heat dissipation process, the interfacial thermal resistance is a challenge.  The research of 
interfacial thermal materials aims to find materials that can be inserted into the devices and 
heat sink, in order to suppress the interfacial thermal resistance and enhance heat dissipation. 
21 
 
Some low-dimensional materials, such as graphene, show promising potentials in the 
applications of heat removal.  
 
5. Summary and Outlook 
In the continuous scaling down of nano-device, the management of interfacial thermal 
properties becomes more important to dates. The goal is that the heat flux across the interface 
can be effectively controlled, and thus the heat generated in the nano-devices is well managed. 
To achieve that, a deep and clear understanding of the transport mechanism at the interface is 
on demand. The theories of interfacial thermal transport have been continuously progressing, 
from the acoustic/diffusive mismatch model to the atomic-level modern simulation tools. The 
advances of theory and simulation power allow deeper understanding of the underlying 
interfacial transport mechanism, together with the merge of new research areas such as 
phononics 
23
.  
 
Despite the numerous progresses, the interfacial thermal transport properties are still not 
fully understood, especially in the inelastic scattering regime.  Molecular dynamics 
simulation can consider the anharmonic impacts; however, it is difficult to integrate the 
quantum effects. The inelastic quantum scattering at the interface is a challenge to capture. 
The quantum theories, such as NEGF, only allow perturbation treatment for the inelastic 
scattering, which will breakdown in the strong nonlinear regime. The quantum master 
equation formalism allows exact treatment of inelastic scattering 
77, 78
, but the computational 
complexity limits its application to small system with few degrees of freedom. Hence a 
comprehensive theory which fully describes the transport mechanism at the interface is still 
lacking. Such theory may enrich the physics of interfacial thermal transport properties and 
probably reveal new transport mechanisms. 
22 
 
 
Another important aspect of interfacial thermal transport is the metal-insulator interface, 
where the electron-phonon interaction plays an important role. In metal-insulator interface, 
besides the channel of lattice vibration, the thermal energy of metal can be transmitted 
through electron-phonon interaction. The electron-phonon interaction can take place in two 
different ways. The first one is electrons in metal first interact with the phonons in metal and 
then transmit the energy though lattice vibration at the interface. The other way is the direct 
interaction between the electrons in metal and the phonons in insulator.  The electron-phonon 
interfacial conductance has been found substantially important
18, 29, 74, 79, 80
. The heat flow can 
be mediated through the surface state of the electrons 
81
.  However, simulation of electron-
phonon interfacial thermal conductance is challenging due to its nonlinear nature and the 
strong quantum effects of electrons. Two temperatures Boltzmann transport equation 
approach has been developed for such problem based on the diffusive transport assumption, 
in combination of molecular dynamics simulation 
82, 83
. In the weak electron-phonon 
interaction regime, NEGF provides a way to handle the transport problem in the junction 
setup 
41
. However, a complete quantum mechanical description of electron-phonon interfacial 
problem is lacking, and also promising.   
ACKNOWLEDGMENT 
This work was supported in part by a grant from the Science and Engineering Research 
Council (152-70-00017). The authors gratefully acknowledge the financial support from the 
Agency for Science, Technology and Research (A*STAR), Singapore.  
23 
 
References 
[1]  Yu Z, Pan Y, Shen Y, Wang Z, Ong Z-Y, Xu T, Xin R, Pan L, Wang B, Sun L, Wang J, Zhang G, 
Zhang Y W, Shi Y and Wang X  2014  Nat Commun 5 5290 
[2]  Najmaei S, Zou X, Er D, Li J, Jin Z, Gao W, Zhang Q, Park S, Ge L, Lei S, Kono J, Shenoy V B, 
Yakobson B I, George A, Ajayan P M and Lou J  2014  Nano Lett 14 1354 
[3]  Peng Xiao-Fang W X-J, Gong Zhi-Qiang, Chen Li-Qun  2011  Acta Physica Sinica 60 
126802 
[4]  Ye Fu-Qiu L K-M, Peng Xiao-Fang  2011  Acta Physica Sinica 60 36806 
[5]  Cao Bing-Yang D R-Y, Kong Jie, Chen Heng, Xu Yan, Yung Kai-Leung, Cai An  2012  Acta 
Physica Sinica 61 46501 
[6]  Pan R-Q, Xu Z-J and Dai C-X  2014  Chinese Physics Letters 31 016501 
[7]  Lu X and Zhong W-R  2015  Chinese Physics Letters 32 096501 
[8]  Wei L, Xu Z-C, Zheng D-Q, Zhang W and Zhong W-R  2015  Chinese Physics Letters 32 
076501 
[9]  Sun D, Shang C, Liu Z and Gong X  2017  Chinese Physics Letters 34 026402 
[10]  Zhang G and Zhang Y-W  2017  Chinese Physics B 26 034401 
[11]  Cahill D G, Ford W K, Goodson K E, Mahan G D, Majumdar A, Maris H J, Merlin R and 
Phillpot S R  2003  Journal of Applied Physics 93 793 
[12]  Cahill D G, Braun P V, Chen G, Clarke D R, Fan S, Goodson K E, Keblinski P, King W P, 
Mahan G D, Majumdar A, Maris H J, Phillpot S R, Pop E and Shi L  2014  Applied 
Physics Reviews 1 011305 
[13]  Li Q, Liu C and Fan S  2009  Nano Lett 9 3805 
[14]  Swartz E T and Pohl R O  1989  Reviews of Modern Physics 61 605 
[15]  Hopkins P E  2013  ISRN Mechanical Engineering 2013 1 
[16]  Liu X, Zhang G and Zhang Y-W  2015  Nano Research 8 2755 
[17]  Liu X, Gao J, Zhang G and Zhang Y-W  2017  Nano Research 10 2944 
[18]  Wang Y, Lu Z, Roy A K and Ruan X  2016  Journal of Applied Physics 119 065103 
[19]  Wu Zi-Hua X H-Q  2012  Acta Physica Sinica 61 76502 
[20]  Chen Y, Li D, Lukes J R, Ni Z and Chen M  2005  Physical Review B 72 174302 
[21]  Yang L, Yang N and Li B  2013  Sci Rep 3 01143 
[22]  Li B, Wang L and Casati G  2004  Physical Review Letters 93 184301 
[23]  Li N, Ren J, Wang L, Zhang G, Hänggi P and Li B  2012  Reviews of Modern Physics 84 
1045 
[24]  Li B, Lan J and Wang L  2005  Physical Review Letters 95 104302 
[25]  Little W A  1959  Canadian Journal of Physics 37 334 
[26]  Reddy P, Castelino K and Majumdar A  2005  Applied Physics Letters 87 211908 
[27]  Landry E S and McGaughey A J H  2009  Physical Review B 80 165304 
[28]  Persson B N J, Volokitin A I and Ueba H  2011  Journal of Physics: Condensed Matter 23 
045009 
[29]  Li M, Wang Y, Zhou J, Ren J and Li B  2015  The European Physical Journal B 88 149 
[30]  Gordiz K and Henry A  2015  New Journal of Physics 17 103002 
[31]  Lumpkin M E, Saslow W M and Visscher W M  1978  Physical Review B 17 4295 
[32]  Paranjape B V, Arimitsu N and Krebes E S  1987  Journal of Applied Physics 61 888 
[33]  Young D A and Maris H J  1989  Physical Review B 40 3685 
[34]  Schelling P K, Phillpot S R and Keblinski P  2002  Applied Physics Letters 80 2484 
[35]  Wang J S, Wang J and Lü J T  2008  The European Physical Journal B 62 381 
24 
 
[36]  Meir Y and Wingreen N S  1992  Physical Review Letters 68 2512 
[37]  Zeng N and Wang J-S  2008  Physical Review B 78 024305 
[38]  Zhang L, Keblinski P, Wang J-S and Li B  2011  Physical Review B 83 064303 
[39]  Li H, Agarwalla B K and Wang J S  2012  Phys Rev E Stat Nonlin Soft Matter Phys 86 
011141 
[40]  Wang J-S, Agarwalla B K, Li H and Thingna J  2013  Frontiers of Physics 9 673 
[41]  Lü J-T, Zhou H, Jiang J-W and Wang J-S  2015  AIP Advances 5 053204 
[42]  Xu Y, Wang J-S, Duan W, Gu B-L and Li B  2008  Physical Review B 78 224303 
[43]  Ong Z-Y, Zhang G and Zhang Y-W  2016  Physical Review B 93 075406 
[44]  Li X and Yang R  2012  Physical Review B 86 054305 
[45]  Kozorezov A G, Wigmore J K, Erd C, Peacock A and Poelaert A  1998  Physical Review B 
57 7411 
[46]  Chalopin Y and Volz S  2013  Applied Physics Letters 103 051602 
[47]  Liu X, Zhang G and Zhang Y-W  2016  Nano Research 9 2372 
[48]  Hu M, Keblinski P, Wang J-S and Raravikar N  2008  Journal of Applied Physics 104 
083503 
[49]  Chen J, Zhang G and Li B  2012  Journal of Applied Physics 112 064319 
[50]  Xu W, Zhang G and Li B  2014  Journal of Applied Physics 116 134303 
[51]  Hu L, Zhang L, Hu M, Wang J-S, Li B and Keblinski P  2010  Physical Review B 81 235427 
[52]  Han N, Liu H, Zhang J, Gao J and Zhao J  2017  Nanoscale 9 3585 
[53]  Chen J, Zhang G and Li B  2012  Nano Lett 12 2826 
[54]  Tian Z, Esfarjani K and Chen G  2012  Physical Review B 86 235304 
[55]  Liu B, Baimova J A, Reddy C D, Dmitriev S V, Law W K, Feng X Q and Zhou K  2014  
Carbon 79 236 
[56]  Pei Q-X, Zhang Y-W, Sha Z-D and Shenoy V B  2012  Applied Physics Letters 100 101901 
[57]  Ding Z, Pei Q-X, Jiang J-W, Huang W and Zhang Y-W  2016  Carbon 96 888 
[58]  Gordiz K and Henry A  2015  Sci Rep 5 18361 
[59]  Yang J, Yang Y, Waltermire S W, Wu X, Zhang H, Gutu T, Jiang Y, Chen Y, Zinn A A, 
Prasher R, Xu T T and Li D  2011  Nature Nanotechnology 7 91 
[60]  Jiang J-W and Wang J-S  2011  EPL (Europhysics Letters) 96 16003 
[61]  Li X and Yang R  2012  Journal of Physics: Condensed Matter 24 155302 
[62]  Liu X, Zhang G and Zhang Y-W  2014  The Journal of Physical Chemistry C 118 12541 
[63]  Wang J and Wang J-S  2007  Journal of Physics: Condensed Matter 19 236211 
[64]  Jones R E, Duda J C, Zhou X W, Kimmer C J and Hopkins P E  2013  Applied Physics 
Letters 102 183119 
[65]  Bagri A, Kim S-P, Ruoff R S and Shenoy V B  2011  Nano Lett 11 3917 
[66]  Chalopin Y, Mingo N, Diao J, Srivastava D and Volz S  2012  Applied Physics Letters 101 
221903 
[67]  Stoner R J, Maris H J, Anthony T R and Banholzer W F  1992  Physical Review Letters 68 
1563 
[68]  Hohensee G T, Wilson R B and Cahill D G  2015  Nat Commun 6 6578 
[69]  Lyeo H-K and Cahill D G  2006  Physical Review B 73 144301 
[70]  Zhang L, Thingna J, He D, Wang J-S and Li B  2013  EPL (Europhysics Letters) 103 64002 
[71]  Le N Q, Polanco C A, Rastgarkafshgarkolaei R, Zhang J, Ghosh A W and Norris P M  2017  
Physical Review B 95 245417 
[72]  Ming Y, Li H-M and Ding Z-J  2016  Physical Review E 93 032127 
[73]  Hu M, Keblinski P and Li B  2008  Applied Physics Letters 92 211908 
25 
 
[74]  Zhang L, Lü J-T, Wang J-S and Li B  2013  Journal of Physics: Condensed Matter 25 
445801 
[75]  Wang L and Li B  2011  Physical Review E 83 061128 
[76]  Lan J, Wang L E I and Li B  2007  International Journal of Modern Physics B 21 4013 
[77]  Thingna J, Wang J S and Hanggi P  2013  Phys Rev E Stat Nonlin Soft Matter Phys 88 
052127 
[78]  Zhou H, Thingna J, Wang J-S and Li B  2015  Physical Review B 91 045410 
[79]  Giri A, Gaskins J T, Donovan B F, Szwejkowski C, Warzoha R J, Rodriguez M A, Ihlefeld J 
and Hopkins P E  2015  Journal of Applied Physics 117 105105 
[80]  Sadasivam S, Waghmare U V and Fisher T S  2015  Journal of Applied Physics 117 
134502 
[81]  Lu T, Zhou J, Nakayama T, Yang R and Li B  2016  Physical Review B 93 085433 
[82]  Wang Y, Ruan X and Roy A K  2012  Physical Review B 85 205311 
[83]  Lu Z, Wang Y and Ruan X  2016  Physical Review B 93 064302 
[84]  Liu X, Zhang G and Zhang Y-W  2016  Nano Lett 16 4954 
 
 
  
26 
 
 
Figure 1. Snapshots of wave packets crossing the interface, red dashed lines denote the 
interface and the arrows indicate the travelling direction. (a) LA, frequency 16.8 THz. (b) TA, 
frequency 12.0 THz. (c) ZA, frequency 2.5 THz. (d) ZA, frequency 9.0 THz. Reprinted with 
permission from Ref 
50
, copyright (2014) by the American Institute of Physics. 
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Figure 2. Phonon dispersions of suspended (red dots) and encased (blue dots) graphene. 
Reprinted with permission from Ref 
50
, copyright (2014) by the American Institute of Physics. 
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Figure 3. Interfaces of in-plane graphene-MoS2 heterostructures. Mo, S, and C atoms are 
shown in purple, yellow, and gray, respectively. Four possible interfacial configurations exist 
at the interface, as shown in (b)-(e). Reprinted with permission from Ref. 
17
, copyright (2017) 
by the Springer. 
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Figure 4. Interfacial thermal conductance as a function of S vacancy concentration at the 
interface. Reprinted with permission from Ref. 47 copyright (2016) by Springer. 
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Figure 5. Heterostructure with different interfaces between graphene and h-BN. (a) N−C 
connected interface, BN−C; (b) N−C connected interface with 5|7 topological defects, 
BN−C5|7. B, N, C atoms are shown in purple, blue, and gray color, respectively. (c) Cross-
sectional heat flux density distribution in BN−C and BN−C5|7 heterostructures. Reprinted 
with permission from Ref. 
84
, copyright (2016) by the American Chemical Society. 
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Figure 6. (a) Thermal conductance as a function of temperature for an ideal Si/Ge interface 
(solid black line) and for a rough Si/Ge interface with a Gaussian distribution (dashed blue 
lines). (b) Total transmission function for an ideal Si/Ge interface and for a rough Si/Ge 
interface. Reprinted with permission from Ref. 
54
, copyright (2012) by the American Physical 
Society. 
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Figure 7. (a) The effect of tensile strain on the interfacial thermal resistance. The interface 
between pristine and isotope doped graphene is also shown here. (b) Phonon spectra of atoms 
near the interface under different tensile strains. Reprinted with permission from Ref 
56
, 
copyright (2012) by the American Institute of Physics. 
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Figure 8. Side view of the simulating model, and a typical temperature profile at steady state. 
Here the black colored atoms are fixed, red and blue colored ones contact with heat source 
and sink in non-equilibrium MD simulations, respectively. Reprinted with permission from 
Ref 
50
, copyright (2014) by the American Institute of Physics. 
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